Abstract. Heavy ions in the solar wind are ideal for studying injection processes in the solar wind. We use composition data from Ulysses, ACE, and Wind to examine the properties of heavy ions from thermal energies to several 100 keVs. We show that these particles are observed to gain energy without any association with shocks. This paper provides a survey of recent observations of non-thermal properties of solar wind heavy ions which are consistent with the following picture: At thermal energies coherent wave-particle interactions preferentially heat and accelerate heavy ions with collisional processes limiting subsequent non-thermal properties. At higher energies heavy ion distribution functions are characterized by ubiquitous suprathermal tails. We argue that solar wind heavy ions are a good tracer for acceleration processes which are not directly associated with shocks. These stochastic processes are observed to be relevant for predisposing ions for shock acceleration.
INTRODUCTION
Shocks are often associated with energetic particle populations in the heliosphere. They are therefore an important source of particle acceleration, especially at higher energies. In fact, experimental data are in good agreement with theoretical predictions based on a combination of shock acceleration and field aligned diffusion (see, e.g., Fisk and Lee (1)). It is therefore not surprising that acceleration mechanisms are often considered to happen exclusively in association with shocks. However, it has been pointed out that shock acceleration processes have an injection threshold energy, E in . For energies E>E in , shock acceleration is effective but it is inhibited if this condition is not fulfilled. The exact value of E in depends on the details of the acceleration mechanism. In the case of diffusive shock acceleration it is easily expressed as a function of solar wind speed, K, the shock speed, V S9 and the angle between the shock and the magnetic field, 6 . A particle will only participate in shock drift acceleration if the particle moves upstream after its first interaction with the shock. The particle speed after the interaction with the shock, Vf, therefore has to exceed the solar wind speed relative to the shock: v/cos0> V-Vs.
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For a quasi-perpendicular shock, this injection speed is typically 1.3-2 V, measured in the solar wind rest frame. Solar wind heavy ions, if in thermal equilibrium with solar wind protons, should therefore have no chance of being directly injected into shock acceleration.
This injection process was examined by Chotoo (2) using Wind data associated with Co-rotating Interaction Regions (CIRs). He used a combination of three sensors, the Supra-Thermal Energetic Particle telescope (STEP), the Supra-Thermal Ion Composition Spectrometer (STICS), and the Ion Mass Spectrometer (MASS), which cover the energy range from solar wind thermal energies of up to MeVs. The result is summarized in Figure 1 . The data in Figure 1 are plotted in the spacecraft frame. The data can, in principle, be transferred into the solar wind reference frame using a standard Compton-Getting correction (2) . The reduced distribution functions, /, are threedimensional distribution functions ty averaged over the full solid angle, e.g.
CP528, Acceleration Apparently, solar wind a-particles are readily injected into shock acceleration. A single power-law spectrum can be fitted for speeds greater than 2-3 V in the spacecraft rest frame. However, for smaller energies, 1.5V<v<2.5V, another power-law-type spectrum can be seen. It would be difficult to directly inject the thermal core of the solar wind alphas into diffusive shock acceleration. The injected particles must first undergo a pre-acceleration process that prepares them for the shock injection by exceeding the injection threshold as determined by equation (1) . If this process is of statistical nature, particles can be involved for which the particle speed is larger than the rms-speed of the scattering centers in the solar wind rest frame. For Alfvenic turbulence, this rms-speed is approximately equal to the Alfven speed.
Injection processes into statistical acceleration should therefore be more efficient for particles which are moving relative to the background plasma, or, which have large kinetic temperatures.
It is the goal of this paper to investigate the injection of heavy ions by following their acceleration out of the thermal background of the ambient solar wind into shock acceleration. We will first describe their average properties at thermal energies and then concentrate on the formation of supra-thermal tails and their relevance for injection into shock acceleration. We will use results from solar wind instruments on a number of spacecraft including ACE, Wind, Ulysses, and SOHO. For a detailed discussion on the relevance of these measurements for questions related to the source populations of ACRs refer to Gloeckler et al. in this issue. For a discussion of the observations reported here in the context of statistical acceleration, refer to Fisk et al. in this issue.
AVERAGE THERMAL PROPERTIES General Comments
Heavy ions in the solar wind are generally not in thermal equilibrium with the solar wind protons. They exhibit significant differential speeds as compared to the protons and kinetic temperatures that exceed the proton temperature by large factors. However, the detailed interpretation of these data is complicated by a couple of instrumental constraints which are discussed here.
First, three-dimensional distribution functions are only available for a-particles (3, 4) . All experimental data on rare ions in the solar wind published so far are based on reduced distribution functions as defined in equation (2) . Differential speeds are therefore more easily observed when the magnetic field is predominantly radial. Also, the kinetic temperature along the magnetic field direction may not be the same as perpendicular to the magnetic field (4) introducing another dependence on the magnetic field direction. A detailed data-analysis of solar wind kinetic properties should therefore include, in detail, the orientation of the magnetic field relative to the instrument geometry.
Secondly, reduced distribution functions are measured during a time scale which is given by the instrument cycling time and the count-rate required for a statistical estimate of the moments. For an accurate determination of bulk speed and kinetic temperature of O ions at 1 AU, this takes on the order of 10-30 minutes. It is evident that there is some chance of broadening of these (averaged) distribution functions due to changes faster than the measurement cycle.
We will describe below the current status of the research on these non-thermal properties using recently published data. 
Differential Speed
The differential speed of solar wind heavy ions has been extensively discussed based on observations of oc-particles (3, 4) . In most cases oc-particles are found to be faster than protons. The speed difference is typically AF< VA, the local Alfven speed. It has been pointed out that this can be understood in the framework of coherent wave-particle interactions in the heliosphere in which particles interact with outward propagating Alfven waves, being scattered in this wave-frame (4). However, Coulomb collisions are observed to play an important role in determining AF. When averaging over long periods of time, AFis well ordered by the ratio of the expansion time scale and the collision time scale. This has recently been tested (5) using a set of heavy ions with different M/Q at one particular instant. Small but significant differences are observed between different ion species, particularly at higher solar wind speeds. Figure 2 shows bulk speeds measured for a set of ions. At low solar wind speeds there are no significant differences, but in fast, coronal-hole-associated wind, there are significant differences.
The bulk speeds differ by a speed which is of the order of VA. relative to the proton speed. At any one instant, speed differences are observed to be ordered by their Q 2 /M ratio. This confirms the importance of collisions. This is particularly important during time periods where the solar wind exhibits low-charge states, such as CME periods (6) . Determinations of composition assuming equal speeds of all the species might therefore be misleading.
Kinetic Temperature
It has been pointed out that the kinetic temperature of heavy ions in the solar wind does not exhibit thermal equilibrium conditions (7). Enhanced temperatures are observed for heavy ions, often exhibiting constant thermal speeds independent of mass, resulting in a kinetic temperature T<* M. That relationship is observed in fast, low-density solar wind where differential speeds are most significant. In lowspeed solar wind, the distribution is much closer to thermal equilibrium conditions, consistent with the increasing influence of collisions on solar wind heavy ions.
This balance has recently been illustrated using Ulysses-SWICS data from a heliospheric distance of 2.5 AU (8) as shown in Figure 3 . A detailed analysis of a large number of heavy ion species has been performed for both coronal hole and interstream solar wind. In the case of low-speed solar wind the distribution of kinetic temperatures are indeed close to thermal equilibrium conditions. However, for fast solar wind, a clear ordering is observed on Q 2 /A and therefore the collision frequency. For a large Q 2 /A the respective kinetic temperatures are closer to thermal equilibrium conditions.
The kinetic temperatures, as well as the flow speed differences, therefore seem to be controlled by a balance of coherent wave-particle interaction processes, as described before, and collisions. The enhanced relative speed and large kinetic temperatures increase the probability for injection into statistical acceleration according to equation (3) .
SUPRATHERMAL PROPERTIES Observations
The high-energy portion of distribution functions is often associated with long, extended suprathermal tails (2, 8) . These tails are ubiquitous and particularly obvious in low-speed solar wind.
A typical example of a reduced solar wind distribution function is shown in Figure 4 . It is obvious that these data cannot be fit with a Maxwellian distribution function. Kappa-functions are more successful to fit the high-energy extensions as shown in Figure 4 . In addition to using three fit parameters (density, speed, temperature), one more variable (K) is fit which describes the structure of the high-energy tail. For K --> °°, K-functions are identical to Maxwellians. Typical values for solar wind heavy ions are found to be 2.3<K<4.3 (2, 8) . It has been pointed out (10) that similar supra-thermal tails are observed in distribution functions of pickup ions beyond 2V. The exact structure of these tails, particularly their dependence on pitch-angle, is currently unknown.
Relevance of Collisions
We have indicated that Coulomb collisions are an important contribution in shaping the thermal properties of the distribution functions of heavy ions. It may be worth quantifying the collisional effects on the structure of the suprathermal extension of these distribution functions. Figure 5 shows the collisional mean-free path (mfp) for a particle of speed v normalized with the solar wind bulk speed V. The mfp is calculated for an O 6+ ion in average slow solar wind atl AU(ll).
This brings up the interesting possibility of a solar origin of these suprathermal tails. The situation with heavy ions would then be very similar to high-energy solar wind electrons (12) . These electrons propagate scatter-free along magnetic field lines. Their signatures are therefore a direct measure for the thermal properties of their source region, the corona. The scale-height temperatures of our heavy ion distribution functions are similar to these electron distribution functions. However, due to instrumental constraints mentioned above, the angular extent of the suprathermal tail cannot be determined. Note that similar suprathermal tails are observed in distribution functions of pickup ions (10) . If these tails are a signature of one and the same process, this would suggest interplanetary acceleration and not a solar source of these tails. However, the solar origin of suprathermal tails of heavy ions cannot be excluded based on the structure of the distribution function. A more detailed comparisons of the acceleration of pickup ions and solar wind heavy ions remains to be done.
Statistical acceleration is often invoked to explain the observed suprathermal tails (10, Fisk et al. this issue). The observations shown here do not specify the details of the relevant process. They have to be combined with an analysis of the observed wave properties to ascertain whether transient time damping of magnetosonic waves, second order Fermi acceleration, or another statistical process is operable.
Implications for Injection
The existence of these suprathermal tails has profound implications for the injection of these ions into any type of acceleration mechanism with a lowenergy injection threshold. This can be quantified by comparing the phase space density available for acceleration at one particular injection energy for both, Maxwellian and K-distributions, as shown in Figure 6 . For this comparison it has been assumed that density, average speed, and average temperature of both functions are identical. The differences only come from a finite K. The ranges of K-values found in the literature are shown as well. It is evident from Figure 6 that there is an enhancement of several orders of magnitude of phase space density. The ubiquitous suprathermal tails are therefore very important for the injection into shock acceleration in the heliosphere as shown in Figure 1 .
SUMMARY
Heavy ions in the solar wind are observed to be a relevant source of shock-accelerated particle populations around 1 AU. However, they gain injection energy without any association with shocks. We present a survey of recent observations of nonthermal properties of heavy ions in the solar wind. These observations can be interpreted to support the following picture: At their lowest energies, particles undergo coherent wave-particle interactions, scattering in the frame of outward propagating waves. The resulting acceleration and heating provides them with enough energy to be efficiently injected into statistical acceleration. This causes ubiquitous extended tails in distribution functions with significant phase-space densities above the shock injection thresholds.
